The calciotropic hormone 1␣,25-dihydroxyvitamin D 3 [1␣,25 (OH) 2 D 3 ] regulates calcium homeostasis as well as cell proliferation and differentiation (5, 6, 21, 53) . Most of the biological actions of 1␣,25(OH) 2 D 3 are thought to be mediated by the vitamin D receptor (VDR), which is a member of a nuclear receptor superfamily acting as a ligand-inducible transcription factor (4, 32) . VDR binds as a heterodimer with one of three retinoid X receptors (RXR) to vitamin D-responsive elements (VDRE) in the promoters of vitamin D target genes (12, 22) . For the transactivation function of VDR, only the ligand-binding domain (E region) is thought to be responsible in a ligandbinding-dependent way (27) , although two transactivation domains, one at the N terminus (AF-1) and one at the C terminus (AF-2), are present in most nuclear receptors. To achieve ligand-induced transactivation, the nuclear receptors recruit several nuclear receptor coactivators. They include members of the SRC-1/TIF2 family (38, 48) , CBP/p300 (9, 29) , and RIP140 (8) . Members of the SRC-1/TIF2 family [SRC-1 (p160, ERAP160) (18, 23) , TIF2 (Grip-1) (10), and AIB-1 (ACTR) (3) ] mediate the function of the AF-2 of the nuclear receptors, and the interaction site has been mapped to the minimal activation domain (AD) of AF-2 (13, 23, 50) . Interestingly, it was recently shown that the interactions of estrogen receptor with SRC-1 or TIF2 are induced by estrogen (E 2 ) but not by its antagonists, tamoxifen and ICI164,384. These findings indicate that the structure of the ligand-bound E region recruiting coactivators is ligand specific (18) . This idea is further supported by recent findings from crystallographic analysis that the position of the AF-2 AD (helix 12) in the estrogen receptor E region which binds the E 2 antagonists clearly differs from the one which binds E 2 (17) . From the structural similarity of the ligand-binding domains of nuclear receptors, ligand type-specific alterations in their structures, at least in the helix 12 positions, are postulated (7) .
Several synthetic 1␣,25(OH) 2 (25, 40, 44) . Taking these facts together, it is reasonable to speculate that the selective interactions of VDR with coactivators induced by vitamin D analogs specify the biological activities of the vitamin D analogs. Such differential combinations of transcription factors and coactivators are believed to activate only particular sets of target gene promoters (46) .
To test this possibility, we studied the interaction of vitamin D analog-bound VDR with nuclear receptor coactivators and interacting factors. We found that although the in vivo and in vitro interactions of VDR with SRC-1, TIF2, and AIB-1 were induced by F 6 -1␣,25(OH) 2 D 3 and ED-71 as well as by 1␣,25 (OH) 2 D 3 , OCT induced interaction only with TIF2. Such interactions were also observed in the VDR-RXR heterodimer bound to DNA. Consistent with the interactions, only TIF2 potentiated the transactivation function of VDR bound to OCT. Thus, the present findings suggest that the VDR structure is altered in a vitamin D analog-specific way, resulting in selective interaction of VDR with coactivators. Such selective coactivator interaction with VDR may specify the array of biological actions of a vitamin D analog such as OCT, possibly through activating a particular set of target gene promoters.
MATERIALS AND METHODS
Yeast two-hybrid system and ␤-galactosidase assay. The pGBT9(GAL4-DBD)-VDR(DEF) fusion plasmid was constructed by inserting rat VDR-DEF regions (encoding amino acids 89 to 424) (43) into the pGBT9 vector (Clontech).
Each coactivator cDNA was inserted into pGAD10 or pGAD424 (Clontech), which included a GAL4 transactivation domain, to construct pGAD-SRC1, pGAD-TIF2, pGAD-AIB1, pGAD-RIP140, pGAD-SUG1 (49) , and pGAD-VAF-1 (26 (24) . Cells were then harvested and assayed for ␤-galactosidase activity as described previously (15, 26) .
Mammalian two-hybrid assay. COS-1 cells were maintained in Dulbecco's modified Eagle's medium without phenol red, supplemented with 5% fetal calf serum which had been stripped with dextran-coated charcoal. Cells were transfected by means of calcium phosphate coprecipitation, as previously described (31) . A reporter plasmid (2 g) containing the GAL4 upstream activation sequence (UAS) (17-mer [ϫ2] , ␤-globin promoter, and chloramphenicol acetyltransferase gene [CAT]) was cotransfected with 0.5 g of pVP-VDR(DEF) (43) plus 0.5 g of pM-SRC-1, pM-TIF2, or pM-AIB-1. As a reference for normalization, 2 g of plasmid pCH110 was used (Pharmacia). Bluescribe M13 ϩ (Stratagene) was used as the carrier to adjust the total amount of DNA to 5 g. Either 1␣,25(OH) 2 D 3 or OCT was added to the medium at 12 h after transfection and every 8 h thereafter at each exchange of the medium. After 48 h, CAT activity was assayed and the transfection efficiency was normalized to ␤-galactosidase activity, as previously described (31) .
GST pull-down assay. Full-length rat VDR was expressed as a glutathione S-transferase (GST) fusion protein (GST-VDR) in Escherichia coli, as described previously (14) . The expression of a protein of the predicted size was then monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For GST pull-down assays, bacterially expressed GST or GST-VDR was bound to glutathione-Sepharose 4B beads (Pharmacia Biotech) (26) . Human SRC-1 (hSRC-1) and hTIF2 cDNA in pBluescript vector (Stratagene) were used to generate [ 35 S]methionine (Amersham International)-labeled protein by using a TNT-coupled in vitro translation system (Promega). The 35 S-labeled SRC-1 and TIF2 were incubated with beads containing either GST or GST-VDR in the absence or presence of either 10 Ϫ8 M 1␣,25(OH) 2 D 3 or the indicated analog in NET-N buffer (0.5% Nonidet P-40, 20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 mM EDTA) with 1 mM phenylmethylsulfonyl fluoride. After 3 h of incubation, free proteins were washed away from the beads with NET-N buffer. Bound proteins were extracted into loading buffer, separated by SDS-7.5% PAGE, and visualized by autoradiography (41) . Before the polyacrylamide gels were dried and exposed to autoradiography, they were lightly stained with Coomassie brilliant blue to verify that equal quantities of fusion proteins had been used in each reaction.
EMSA. The interaction of SRC-1 with ligand-bound VDR-RXR was determined by electrophoretic mobility shift assay (EMSA) with DNA probes, as described previously (14) . The rat VDR (rVDR) and mouse RXR␣ (mRXR␣) cDNAs were cotransfected in COS-1 cells in the presence of 10 Ϫ7 M 1␣,25 (OH) 2 D 3 , OCT, or vehicle (ethanol), and the nuclear extracts were prepared with hypotonic buffer. hSRC-1 and hTIF2 proteins were expressed in E. coli as a GST fusion protein and purified by digestion with thrombin followed by affinity column chromatography (30) . Digested samples were applied to Sephadex G-100 to further purify the hSRC-1 and hTIF2 proteins. The purified proteins were monitored by SDS-PAGE in fixed quantities. In a typical assay, 10 g of total protein of nuclear extracts containing rVDR and mRXR␣ with or without 10 ng of hSRC-1 and hTIF2 proteins were incubated for 30 min on ice in binding buffer (5 mM Tris [pH 8.0], 40 mM KCl, 6% glycerol, 1 mM dithiothreitol, 0.05% Nonidet P-40), 2 g of poly(deoxyinosinic-deoxycytidylic) acid, 0.1 g of denatured salmon sperm DNA, and 10 g of bovine serum albumin in a final volume of 20 l. For use as probes, double-stranded consensus VDRE (DR3, 5Ј-A GCTTCAGTTCAGGAAGTTCAGT-3Ј) and mouse osteopontin-VDRE (opn-VDRE, 5Ј-AGCTTGCTCGGGTAGGGTTCACGAGGTTCACTCGACTCG T-3Ј) DNA fragments were end labeled with [␥-32 P]ATP and T4 polynucleotide kinase (14) . VDRE DNA fragments were added to the binding mixtures, and the mixtures were incubated for a further 20 min at room temperature. The entire reaction mixture (20 l) was loaded onto 4.5% polyacrylamide gels with 0.5ϫ Tris-acetate-EDTA buffer and electrophoresed at 4°C. The gels were dried on filter paper and exposed to X-ray film.
Transactivation assays. COS-1 cells were maintained as described above for the mammalian two-hybrid system. The following plasmids were used for transfection: a reporter plasmid (2 g) containing the GAL4 UAS (17-mer [ϫ2], ␤-globin promoter, and CAT) was cotransfected with 0.5 g of pM(GAL4-DBD)-VDR(DEF) (43) , pM-VDR(L417S), or pM-VDR(E420Q) (33) with or without 2 g of the expression vector for either hSRC-1 or hTIF2. As a reference plasmid for normalization, 2 g of pCH110 plasmid was used. Bluescribe M13 ϩ (Stratagene) was used as a carrier to adjust the total amount of DNA to 5 g. 1␣,25(OH) 2 D 3 or vitamin D analogs were added to the medium at 12 h after transfection and every 8 h thereafter at each exchange of the medium. After 48 h, CAT activity was measured as previously described (31) .
RESULTS
Differential interactions between the nuclear receptor coactivators and 1␣,25(OH) 2 D 3 -bound VDR or analog-bound VDR in the yeast two-hybrid system. The transactivation function (AF-2) of VDR is activated by binding of 1␣,25(OH) 2 D 3 or its analogs (27) . It is known that AF-2 of VDR requires nuclear receptor coactivators, such as the SRC-1/TIF2 family, which directly interact with the AF-2 AD in the VDR ligand-binding domain in a ligand-dependent way (33, 38, 48) . Although it has been shown that 1␣,25(OH) 2 D 3 induces binding of VDR to these coactivators (17) , it is still unknown whether vitamin D analogs can induce interactions between VDR and such coactivators. Thus, we first examined the analog-induced interactions of VDR with distinct classes of coactivators in a yeast two-hybrid system. For this assay, the ligand-binding domain of VDR, which harbors the AF-2 AD, was fused to the GAL4 DNA-binding domain in the pGBT-9 vector [pGBT9(GAL4-DBD)-VDR(DEF)], and several coactivators (SRC-1, TIF2, AIB-1, and p300) and interacting proteins (RIP140, SUG1, ARA70, and VAF-1) (26, 49, 52) were fused to the GAL4 activation domain in pGAD10 or pGAD424 vectors. 1␣,25 (OH) 2 D 3 (10 Ϫ8 M) induced interactions of VDR with SRC-1, TIF2, AIB-1, RIP140, and SUG1 (Fig. 1 ), but not with p300 or ARA70 (data not shown). 24R,25(OH) 2 D 3 , which is known not to induce the AF-2 function of VDR, did not induce any interaction. The interactions between VDR and coactivators induced by F 6 -1␣,25(OH) 2 D 3 and ED-71 were comparable to those induced by 1␣,25(OH) 2 D 3 ; however, OCT had different effects on the VDR-coactivator interactions; i.e., in the presence of OCT, a significant interaction between VDR and TIF2 was detected (Fig. 1, column 11 ), but no interaction between VDR and SRC-1, AIB-1, or RIP140 was detected (Fig. 1 , columns 5, 17, and 23).
Differential interactions between the SRC-1/TIF2 proteins and OCT-bound VDR in the mammalian two-hybrid system. To examine the effects of OCT on the interaction of VDR with the SRC-1/TIF2 family of proteins, we used a mammalian twohybrid system. For this assay, the ligand-binding domain of VDR (DEF) was fused to the VP16 domain in the pVP vector [pVP-VDR(DEF)], and SRC-1, TIF2, and AIB-1 were fused to the GAL4 DNA-binding domain in pM vectors. A pattern of selective interactions of the SRC-1/TIF2 proteins with vitamin D analog-bound VDR similar to that in the yeast two-hybrid system was seen at 10 Ϫ8 M concentrations of 1␣,25(OH) 2 D 3 and OCT in the mammalian two-hybrid system ( Fig. 1 and 2) . We then examined the dose dependencies of the interactions. As shown in Fig. 2 , while the effects on the interactions of VDR and SRC-1 or AIB-1 were maximally induced by 10 Ϫ10 M 1␣,25(OH) 2 D 3 , no effect of OCT was detected even when the cells were treated at a 100-fold higher concentration (10 Ϫ8 M). However, at 10 Ϫ7 M, weak interactions of VDR with either SRC-1 or AIB-1 were induced by OCT. In sharp contrast to the effects on the binding of SRC-1 and AIB-1, TIF2 was induced to interact with VDR more strongly by OCT than by 1␣,25(OH) 2 D 3 at all concentrations tested.
OCT-induced selective binding of SRC-1/TIF2 family proteins with VDR in vitro. In order to confirm the interactions of VDR with coactivators implied by the effects seen in vivo, GST pull-down assays were performed. [ 35 S]methionine-labeled SRC-1 and TIF2 which had been translated in vitro were precipitated with the GST-fused VDR protein attached to glutathione beads in the presence of ligands. Consistent with the results from the yeast and mammalian two-hybrid systems, 1␣,25(OH) 2 D 3 , F 6 -1␣,25-(OH) 2 D 3 , and ED-71 induced interaction of VDR with SRC-1, TIF2 (Fig. 3) , and AIB-1 (data not shown). However, OCT induced interaction of VDR with only TIF2, not with SRC-1 (Fig. 3) .
OCT-induced selective binding of SRC-1/TIF2 family proteins with VDR-RXR heterodimer bound to DNA. As OCT induced selective interaction of VDR with SRC-1/TIF2 family proteins, we wanted to know whether vitamin D analog-induced interaction of VDR with SRC-1/TIF2 family proteins occurs on a VDR-RXR heterodimer bound to DNA. Therefore, we tested this in an EMSA. We used as DNA probes a consensus VDRE (DR3) and a VDRE from the osteopontin (opn) gene promoter, which is one of the well-characterized VDREs (14) . As shown in Fig. 4 , 1␣,25(OH) 2 D 3 induced binding of the VDR-RXR dimer to each of these VDREs (lanes 3 and 13), and a larger complex was formed in the presence of either SRC-1 (lanes 6 and 16) or TIF2 (lanes 9 and 19). However, OCT induced formation of the larger complex containing the VDR-RXR dimer with only TIF2 (lanes 10 and 20) , not with SRC-1 (lanes 7 and 17) . These results clearly demonstrate that although the ligand-induced DNA binding of VDR-RXR is promoted by all vitamin D analogs, the interactions of VDR with SRC-1/TIF2 family proteins are vitamin D analog specific.
The transactivation function of OCT-bound VDR is potentiated by TIF2 but not by SRC-1. The observation that OCT induces selective interaction of VDR with SRC-1/TIF2 family proteins on the VDRE suggested that the transactivation function of OCT-bound VDR would be differentially potentiated by SRC-1/TIF2 family proteins. We therefore examined whether SRC-1 and TIF2 enhance the VDR-mediated transactivation induced by OCT. We also examined two VDR mutants [VDR(L417S) and VDR(E420Q)] which are point mutated in the AF-2 AD and have thereby lost the ability to bind to the SRC-1/TIF2 proteins (33) . A transient expression assay was performed in COS-1 cells by using pM(GAL4-DBD)-VDR (DEF), pM-VDR(L417S), or pM-VDR(E420Q) and a reporter plasmid (17M2-G-CAT) containing the CAT gene and the consensus GAL4 UAS. As shown in Fig. 5 , the transactivation induced by OCT (column 19) was comparable to that induced by 1␣,25(OH) 2 D 3 , F 6 -1␣,25(OH) 2 D 3 , and ED-71 (columns 4, 9, and 14). SRC-1 and TIF2 significantly enhanced the transactivation function of VDR induced by 1␣,25(OH) 2 D 3 (columns 5 and 32), F 6 -1␣,25(OH) 2 D 3 (columns 10 and 35), and ED-71 (columns 19 and 38). However, the OCT-induced transactivation function of VDR was potentiated by only TIF2 (column 41), not by SRC-1 (column 20). The finding that OCT induces selective interaction of VDR only with TIF2, not with SRC-1 or AIB-1, suggests that TIF2 primarily mediates the function of the AF-2 AD of OCT-bound VDR. Moreover, we found that, unlike the other ligands, only OCT could slightly induce the transactivation of the mutated VDRs [VDR (L417S) and VDR(E420Q)] (Fig. 5, columns 21 and 22) , raising the possibility that OCT induces the AF-2 function of VDR through a domain other than the AF-2 AD, possibly with other coactivators (26) .
DISCUSSION
In this study, we explored the biological potencies of 1␣,25 (OH) 2 D 3 and four 1␣,25(OH) 2 D 3 analogs in terms of some of the essential steps in the hormone action pathway. We hypothesized that by studying 1␣,25(OH) 2 D 3 analog action directly at the level of ligand-induced interaction between coactivators and nuclear receptors, insight might be gained into the mechanisms by which the 1␣,25(OH) 2 D 3 analogs differ in functional potency with regard to transactivation of target genes. The results of the present study show that the ligand-induced interactions of VDR with the coactivators are analog type specific. Binding analyses in vivo and in vitro demonstrated that OCT induces selective interaction of VDR with SRC-1/TIF2 family proteins, whereas other analogs induce interactions with all of these coactivators. Ligand-dependent interactions with VDR were also observed in RIP140 and SUG1. Interestingly, OCT induced interaction of VDR with SUG1 but not with RIP140, though the physiological roles of RIP140 and SUG1 in the transactivation function of VDR are unknown. As previous studies showed that SRC-1/TIF2 family proteins have similar structures and transactivation functions (17, 28, 47) , it is of interest to know whether each of them has a distinct role in the multitude of vitamin D actions in intact animals. In this respect, the reported production of SRC-1 knockout mice (51) will provide a good model to test OCT-specific actions.
In a previous study, we investigated the molecular mechanism by which one vitamin D analog, F 6 -1␣,25(OH) 2 D 3 , exhibits strong potency in the biological action of vitamin D (40) . We found that significant difference among the dissociation times in the presence of 1␣,25(OH) 2 D 3 , OCT, or ED71 (data not shown). Thus, it appears that, unlike F 6 -1␣,25(OH) 2 D 3 , OCT induces an alteration only in the ligand-binding domain, and this structural alteration results in selective interaction of VDR with some coactivators.
The SRC-1/TIF2 family of proteins contacts the minimal activation domain (AF-2 AD) at the C terminus of the ligandbinding domain (E domain) in a ligand-dependent way. More recent reports show that the SRC-1/TIF2 proteins also contact a hydrophobic cleft in the ligand-binding pocket of thyroid hormone receptors (16) . This interaction further recruits other factors to form a larger complex for initiating transcription with modulation of chromatin structure (11, 36, 42) . For this ligand transactivation of nuclear receptors, the other coactivators and/or interacting factors appear to act by interacting with regions other than the AF-2 AD and the surrounding surface of the ligand-binding pocket. Indeed, the VDR mutants L417S and E420A, in which the AF-2 AD is not able to interact with SRC-1/TIF2 family proteins (33), were not potentiated by SRC-1/TIF2 family proteins. However, OCT, but not the other vitamin D analogs, activated these VDR mutants to some extent. These findings raise the possibility that OCT-bound VDR recruits other coactivators or/and stabilizes a weak interaction(s) with a coactivator(s) interacting with VDR, although such a coactivator(s) remains to be identified.
It is generally known that different combinations of transcriptional factors and coactivators have different promoter selectivities for transactivation (46) . Recently, it was reported that the tissue distribution of TAF, one of the basal transcriptional factors, determines the expression of target genes (19, 20) . Nuclear receptor coactivators may mediate the function of the basal transcriptional machinery, and some coactivators are known to be expressed in different target tissues at variable levels (34) . Therefore, differential coactivator binding to nuclear receptors may target a particular set of gene promoters and then promote following activation of the selected target genes. OCT is shown to induce approximately 10-fold-greater cytodifferentiation than 1␣,25(OH) 2 D 3 in HL60 cells, with less calcemic activity (1, 2) . Taken together with the results of the present study, such differential biological actions of OCT may be achieved through a particular set of target genes activated by OCT-bound VDR interacting with only selected coactivators. To test this hypothesis, a more biological approach with a reconstituted in vitro transcription assay (39) will be useful.
In summary, we have shown that several analogs of 1␣,25 (OH) 2 bound VDR varies depending on the ligand. Therefore, the differential biological actions of the vitamin D analogs may be partly explained by the expression levels and the tissue-specific distributions of coactivators. We think that similar studies may be useful in the evaluation of new analogs and in designing structural changes in future analogs based on the ability of the agonistic or antagonistic compounds to induce this critical step in vitamin D action.
